SUMMARY
Ca 2+ binds to the N-lobe of nNOS-bound CaM, (4) the N-lobe of CaM binds nNOS. Activation of nNOS only occurs after completion of step (4), with the displacement of nNOS's autoinhibitory insert.
Upon intracellular Ca 2+ sequestration, deactivation of nNOS would proceed in reverse order, resulting in partial occupancy of inactive nNOS by CaM even at basal levels of Ca
2+
.
INTRODUCTION
Nitric oxide (NO) is a key cell signaling molecule, which is, synthesized from L-arginine by a family of three mammalian NO synthase (NOS) gene products (Nathan and Xie, 1994; Griffith and Stuehr, 1995) . While NOS isoforms differ in their localization and modes of regulation, all share a requirement that calmodulin (CaM) be bound for enzyme activity. Indeed, appreciation of a requirement for CaM was essential to the first purification of a NOS isoform (Bredt and Snyder, 1990) .
A 20 -30 amino acid CaM-binding sequence that is both basic and hydrophobic is prototypic of Ca 2+ /CaM activated enzymes ( Cohen and Klee, 1988) . In NOSs, this CaM-binding sequence resides at the juncture between N-terminal oxygenase and C-terminal reductase domains ( Bredt and Snyder, 1990; Liu and Gross, 1996) . All NOSs are obligate homodimers ( Griffith and Stuehr, 1995) and thus have a possibility for binding two molecules of CaM per dimer. Indirect evidence suggests that CaM binding triggers NOS catalysis by eliciting a reorientation of heme and flavin cofactors within oxygenase and reductase domains, respectively, thereby promoting interdomain and intradomain electron flux ( Abu-Soud et al., 1993 . CaM was shown to gate electron flux in trans, i.e., between the reductase and oxygenase domains of companion subunits, providing a molecular explanation for the experimental finding that dimerization is essential to nNOS function (Siddhanta et al., 1998) . The ability of CaM to gate electron flux is associated with the displacement of a putative regulatory polypeptide within the FMN-binding domain of nNOS ( Salerno et al., 1997) .
Neuronal NOS and eNOS, named for the neuronal and endothelial cells in which they were first described, are constitutively-expressed isoforms of NOS which are catalytically dormant until (Bredt and Snyder, 1990; , Schmidt et al., 1991) . Thus, nNOS and eNOS are perfectly poised for regulation by changing levels of intracellular Ca 2+ concentration, in the physiological range. In contrast, the inducible isoform of NOS (iNOS) contains CaM that is bound tightly, even at low resting levels of intracellular Ca 2+ (Cho et al., 1992) , explaining the apparent Ca 2+ -independence of this isoform.
CaM is a 17 kD protein composed of an 8-turn central α-helix, flanked by globular N-and Cterminal Ca 2+ -binding lobes (Babu et al., 1988) . Two helix-loop-helix structural motifs (EF-hands) are present per lobe, each with a capacity for binding a single Ca 2+ atom (Manalan and Klee, 1984) .
Binding of Ca 2+ causes compaction of the lobes, exposing hydrophobic and acidic residues, which engage in binding to cognate regulatory sites on target protein (Weinstein and Mehler, 1994) . Since strong positive cooperativity for Ca 2+ binding occurs within lobes, but little or none between lobes, CaM species will predominate that contain neither or both Ca 2+ atoms bound to a given lobe ( Weinstein and Mehler, 1994) . Notably, the C-lobe of CaM binds Ca 2+ with 5-to 10-fold higher affinity than the N-lobe (Linse et al., 1991) .. Once CaM is bound to a protein target, the affinity of Ca 2+ for each lobe can increase substantially and differentially (Johnson et al.,1996) .
Both the Ca 2+ -bound N-and C-lobes of CaM are independently able to bind nNOS (Persechini et al., 1994) . While the C-lobe compacts into its nNOS-binding mode at lower concentrations of Ca 2+ than needed for N-lobe compaction, binding of the N-lobe was reported to be essential for nNOS activation (Persechini et al., 1996a) . Factors that regulate CaM binding to nNOS and the precise sequence of CaM-binding events involved in NOS activation and deactivation await definition.
The present studies were performed to elucidate details of CaM binding and control of nNOS activity. We demonstrate that CaM binds in a calcium-dependent manner to a single class of noninteracting sites on nNOS. CaM initially binds to nNOS via its C-lobe, and subsequently activates catalysis by engaging its N-lobe. A sequential model for activation and deactivation of nNOS is inferred that has important implications for our appreciation of physiological nNOS activation/deactivation kinetics.
MATERIALS AND METHODS

Materials
High purity bovine brain calmodulin and protein S-100 were purchased from Calbiochem (San Diego, CA). Bolton-Hunter labeled [ 125 I]CaM (sp. act. 1395 Ci/mmol) was obtained from NEN Life Sciences (Boston, MA). Rat recombinant nNOS was expressed in E. coli and purified as previously described (Roman et al., 1995) . The concentration of nNOS was quantified based on spectrophotometric determination of heme chromophore content, after heme reduction with dithiothreitol and CO binding (McMilla and Masters, 1993) . Engineered CaM analogs, CaMNN (in which CaM residues 82-148 have been replaced by residues 9-75) and CaMCC (in which CaM residues 9-75 have been replaced by residues 82-148) were kindly provided by Dr. A Persechini and prepared as previously described (Persechini et al., 1996a (Fabiato and Fabiato, 1979) . Actual free Ca 2+ concentration of buffers was specified by ratiometric fluorometry using fura-2 (1 µM) and a Fluorolog-2 spectrofluorimeter (SPEX; Edison, NJ).
Preparation of MOPS/Ca 2+ buffers
Calcium buffers were prepared by mixing MOPS (10 mM) pH 7.2, KCl (100 mM) EGTA (10 mM)
with MOPS/KCl/EGTA and Ca 2+ (10 mM).
Assay of NOS activity based on NADPH Consumption NADPH consumption by nNOS was assessed at 25°C in 96-well microtiter plates, as previously described (Gross, 1996) . Incubation mixtures contained Tris-HCl (50 mM), CaCl 2 (100 µM), BH 4 (10 µM), NADPH (500 µM), L-arginine (500 µM), DTT (1 mM) and calmodulin (100 nM) (in the absence or presence of CaMCC (100 nM), or CaMNN (100 nM) (pH 7.6), in a final volume of 100 µl. Reactions were initiated by the addition of nNOS (100 nM) and the rate of A 340 decrease was measured at 15-s intervals for a period of 30 min in a kinetic microplate spectrophotometer (Molecular Devices; Menlo Park, CA). (Bredt and Snyder, 1990: Sheta et al.,1994) . As a consequence of limited assay sensitivity, these approaches usually require that the target protein is present in great excess over the K m for CaM binding; this results in diminished precision in determining CaM binding affinity due to uncertainties in the calculation of free [CaM] . Moreover, the use of activity as a surrogate marker for binding assumes a 1:1 ratio between binding and activity, which is not necessarily the case. Alternatively, direct binding of [ 125 I]CaM has been investigated using protein targets bound to nitrocellulose membranes; (Edlund et al., 1996; Hubbard and Klee, 1987) or by western blot analysis of protein/CaM immunoprecipitates (Presta et al., 1997; Ruan et al., 1996 (Fig. 2) .
Assay of NOS activity based on NOx Production
The observed maximal stoichiometry of 1.0, and goodness-of-fit to a single hyperbolic function,
indicates that CaM binds to each subunit of the nNOS homodimer with an equivalent affinity. Thus,
although CaM binding has been demonstrated to act both within and between nNOS subunits to promote electron flux (Abu-Soud et al., 1993 Siddhanta et al., 1996b) , no evidence for site-tosite cooperativity was detected. The observed K d of 4.70 nM for CaM binding to holo-nNOS confirms and refines an earlier estimate of 1 nM, based on binding-induced changes in intrinsic tryptophan fluorescence of nNOS (Sheta et al., 1994) , and is in accord with reports of a 1-3 nM affinity for CaM binding to nNOS-derived peptides (Vorherr et al., 1993; Zhang and Vogel, 1994 (Alderton et al., 1998: Liu and Gross, 1996; Roman et al.,1995) . Moreover, maximal [ 3 H]tetrahydrobiopterin binding to nNOS has been reported to require arginine occupancy (Alderton et al., 1998; Gorren et al., 1996; Liu and Gross, 1996 CaM-activated enzymes such as nNOS (Su et al., 1995) , the relative ability of troponin C and protein S-100 to compete with [ 125 I]CaM was examined (Fig. 3) . Troponin C was an effective competitor but normally interact with the C-lobe of native CaM. While the order of CaMNN and CaMCC binding affinity described above is opposite to that previously reported for nNOS (Persechini et al., 1996a) , it is notable that the latter determination was indirect, i.e., deduced from enzyme activity measurements rather than direct analysis of binding.
Activity studies showed that CaMNN faithfully mimics the ability of native CaM to promote electron transfer in nNOS, monitored as an increase in NADPH consumption rate (data not presented).
On the other hand, an increase in NADPH consumption was not observed at a concentration of
CaMCC that occupies >80% of CaM binding sites on nNOS. Indeed, the addition of CaMCC in 10-fold molar excess over native CaM resulted in a >70% inhibition of NADPH consumption (results not shown). These observations are in accord with the earlier finding (Persechini et al., 1996a ) that a CaM with duplicated C-lobes can bind but not activate nNOS, whereas a CaM with duplicated N-lobes supports both binding and catalytic activity. Since 2-D NMR studies have demonstrated that the Nterminal lobe of CaM binds to the C-terminal aspect of the CaM binding site of nNOS (Zhang et al., 1995) , we infer that it is this specific interaction that is crucial for activation of nNOS by CaM.
Notably,0 it is also the C-terminal aspect of the CaM binding site that is in closest proximity to the FMN-domain regulatory control-element whose displacement by CaM was identified and proposed to mediate calcium-dependent NOS activation (Saleno et al., 1997) . Function of the proposed regulatory control element was recently confirmed for both eNOS (Nishida and de Montellano, 1999) and nNOS (Daff et al.,1999) . Thus, the N-lobe of CaM is essential for nNOS activity and, when bound to nNOS, is poised to engage in putative control-element interactions that may serve to release the proposed autoinhibition of nNOS activity. The conspicuous non-identity of binding and activation curves can be reconciled by the existence of at least two modes of CaM binding to nNOS: at low levels of Ca 2+ (< 100 nM) a CaM/nNOS complex can form that is devoid of catalytic activity, whereas at higher levels of Ca 2+ the activated nNOS complex results. We questioned the molecular identity of these two postulated complexes. Given that the C-lobe of CaM compacts into its protein-binding conformation at 5 to 10-fold lower Ca 2+ than that needed for N-lobe compaction (Linse et al., 1991) , and the C-lobe alone is insufficient for nNOS activation, we hypothesized that the catalytically non-productive complex may result from exclusive binding of CaM's C-lobe. However, when Ca 2+ concentrations are sufficiently high to compact both C-and N-lobes, permitting each lobe to simultaneously bind nNOS, critical Nlobe interactions may elicit the activated nNOS complex. Consistent with the higher concentration of Ca 2+ required for compaction and binding of N-lobes (relative to C-lobes), the EC 50 of Ca 2+ for activation of nNOS by CaMNN was found to be 2.66 ± 0.42 µM (n = 3), approximately five-fold higher than that for native CaM. Taken together, these findings suggested that the existence of two distinct nNOS/CaM complexes: one that is catalytically inactive, formed at low levels of Ca 2+ and involves C-lobe interactions only, and a second that is catalytically active, formed at higher concentrations of Ca 2+ and involves both C-and N-lobe interactions. This "stepwise" binding hypothesis was tested by studies of the effects of Ca 2+ concentration on CaM binding kinetics. Accuracy of kinetic measurements is limited by an assay dead time estimated to approach 0.1 min. ] was diminished to a specified level by chelation with EGTA; this is akin to actual cellular regulation and therefore affords a more physiologically relevant approach to the analysis of CaM dissociation. Rapid reduction of calcium concentration from 6.2 to 0.23 µM, concomitant with a 10-fold dilution of incubates, elicited biphasic dissociation kinetics; a rapid component involved >50% of complexes (t 1/2 = 0.205 min, n = 3), and a much slower phase followed (t 1/2 of 13.993 min, n=3; data not shown).
Calcium-dependence of kinetics for CaM binding to nNOS. Levels of free Ca
Biphasic dissociation kinetics of insect CaM from a variety of CaM-binding peptides have similarly been observed using stopped-flow measurements after calcium-chelation (Brown et al., 1998) ; dissociation by a combination of partially calcium-occupied CaM and calcium-devoid CaM was indicated to be responsible for the biphasic phenomenon. Studies of chelator-induced calcium dissociation from CaM/nNOS complexes, in which calcium levels are driven to essentially zero (Persechini et al., 1996b) , demonstrated that of 4 bound calcium ions, two dissociate rapidly from the N-lobe of CaM, at a rate exceeding 1000 s -1 , whereas the additional two dissociate slowly from the C- Taken together, our findings are reconciled by a sequential model that describes the relationship between binding and activation of nNOS by CaM (Fig. 7) . (i.e., ≤ 100 nM). As [Ca 2+ ] i continues to rise, additional 2 mols of Ca 2+ can saturate EF-hand pairs within the N-terminal lobe of nNOS-bound CaM (step 3). This triggers in situ compaction of the Nlobe of CaM, revealing amino acid residues that can engage the C-terminal aspect of the CaM binding site on nNOS (step 4). Activation of catalytic activity would occur only after completion of this final step. Based on reported structures of CaM bound to cognate peptides from myosin light chain kinase (Meador et al., 1992 (Meador et al., , 1993 and CaM-dependent protein kinase II (Ikura et al., 1992) , it is presumed that the lobes of Ca 2+ -saturated CaM envelope the CaM-binding peptide of nNOS, resulting in nNOS activation via reorientation of inter-and intra-subunit heme and flavin cofactors. This structural reorganization is proposed to occur in association with a displacement of the autoinhibitory control peptide. It is notable that three-dimensional homology-based modeling indicates that the control peptide occupies space that is adjacent to or overlapping the site where CaM's N-lobe interacts with nNOS (Salerno et al., 1997) . The identity of residues within the N-lobe of CaM that may contribute to displacement of the autoinhibitory peptide in nNOS await specification.
Upon intracellular Ca 2+ sequestration, deactivation of nNOS would proceed in reverse order.
Since Ca 2+ dissociates orders of magnitude faster from the N-lobe than the C-lobe of nNOS-bound CaM (Persechini et al., 1996b) , and N-lobe binding is essential for nNOS activity, Ca 2+ dissociation from the N-lobe would control nNOS activity. Thus, the initial phase of Ca 2+ dissociation from the Nlobe of CaM would result in inactive nNOS with CaM bound only by C-lobe interactions. As the affinity of Ca 2+ for CaM may be significantly increased for NOS-bound CaM, relative to NOS-free CaM (Persechini et al., 196b) , the concentration of free Ca 2+ that elicits half-maximal complex dissociation may be significantly less than that required for half-maximal complex formation. , makes it likely that these species would also predominate in cells at resting levels of intracellular [Ca 2+ ]. Our findings lend direct support for the view that rapid Ca 2+ dissociation from the N-terminal lobe of CaM would elicit enzyme inactivation without triggering dissociation of the CaM-nNOS complex, proposed in earlier stopped-flow fluorescence studies of calcium dissociation from CaM, bound to a nNOS-derived peptide (Persechini et al., 1996b ).
An important implication of the above scenario is that some nNOS would be replete with ineffectually-bound CaM in cells at rest, and thus reside in a state that is primed and ready for rapid activation upon exposure to an intracellular calcium transient. (Meador et al., 1992 ).
In All values are means ± SEM. The number of experiments performed is denoted by N and the mean correlation coefficient for non-linear least squares fit to one-site or two-site models of dissociation are indicated by r 2 . Data were analyzed using Ligand software (Biosoft; Cambridge, UK). Points are means ± SEM values of triplicate determinations. 
